Abstract Schizencephaly (SCH) is a clinically and etiologically heterogeneous cerebral malformation presenting as unilateral or bilateral hemispheric cleft with direct connection between the inner and outer liquor spaces. The SCH cleft is usually lined by gray matter, which appears polymicrogyric implying an associated impairment of neuronal migration. The majority of SCH patients are sporadic, but familial SCH has been described. An initial report of heterozygous mutations in the homeobox gene EMX2 could not be confirmed in 52 patients investigated in this study in agreement with two independent SCH patient cohorts published previously. SCH frequently occurs with additional cerebral malformations like hypoplasia or aplasia of the septum pellucidum or optic nerve, suggesting the involvement of genes important for the establishment of midline forebrain structures. We therefore considered holoprosencephaly (HPE)-associated genes as potential SCH candidates and report for the first time heterozygous mutations in SIX3 and SHH in a total of three unrelated patients and one fetus with SCH; one of them without obvious associated malformations of midline forebrain structures. Three of these mutations have previously been reported in independent patients with HPE. SIX3 acts directly upstream of SHH, and the SHH pathway is a key regulator of ventral forebrain patterning. Our data indicate that in a subset of patients SCH may develop as one aspect of a more complex malformation of the ventral forebrain, directly result from mutations in the SHH pathway and hence be considered as yet another feature of the broad phenotypic spectrum of holoprosencephaly.
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Introduction
Schizencephaly [SCH (MIM 269160) ] is a distinct congenital cerebral malformation presenting as transcerebral mantle cleft between lateral ventricle and pial surface. Further subgroups have been introduced based on unilateral or bilateral, mostly symmetric occurrence and separated (termed open-lip SCH) or closed cleft walls (termed closed-lip SCH) (Guerrini and Filippi 2005) . SCH may be found at any position of the cerebral hemispheres, but is most frequently located in the perisylvian area. Histologically, the gray matter lining the cleft may either appear as polymicrogyria or as disorganized cortex with islands of gray matter, potentially indicating earlier or later regional disruption of cerebral development (Hayashi et al. 2002) . Clinical features correlate with extent and severity of the cleft and associated cortical malformations. Frequently observed neurological symptoms include motor deficits such as hemi-or tetraparesis, and epileptic seizures (Lopes et al. 2006) .
In 1996, putative causal de novo heterozygous mutations in the EMX2 gene were reported in three of eight patients with open-lip SCH, one of them a 1-bp insertion within the homeo domain sequence (Brunelli et al. 1996) . Two other patients carried a heterozygous splice mutation, and altered splicing was demonstrated in transfected 3T3 cells. The same group reported de novo EMX2 mutations in a second cohort of six patients in 1997 (Faiella et al. 1997) . In contrast, negative results of an EMX2 mutation analysis in two additional patient cohorts have been reported recently and extensively discussed (Tietjen et al. 2007; Merello et al. 2008) .
Interestingly, Barkovich (1995) reported that up to onethird of SCH patients present with the additional features of agenesis of the septum pellucidum and optic nerve hypoplasia, also classified as septo-optic dysplasia (SOD). Likewise, systematic evaluation of MR images in a series of 35 SCH patients confirmed a high proportion of associated anomalies of forebrain midline structures, including hypo-or aplasia of the corpus callosum (20%) or septum pellucidum (69%) as well as small chiasm and optic nerve (48%) (Hayashi et al. 2002) . These anomalies of midline forebrain structures, including SOD, may also occur and hence be considered as part of the wide phenotypic spectrum of the distinct developmental anomaly holoprosencephaly [HPE (MIM 236100)], the most common malformation of the human forebrain (Dubourg et al. 2007) . Seventeen percent of the SCH cases reported by Hayashi et al. (2002) presented with a traversing sylvian fissure extending to the top of the hemisphere on parasagittal images, which is also one of the characteristic features in patients with syntelencephaly, also known as middle interhemispheric fusion variant (MIHV) of HPE (Barkovich and Quint 1993) . This reported substantial proportion of SCH patients with specific midline anomalies clearly rules out a casual association between those two developmental brain anomalies and instead suggests an underlying common developmental defect prior to the termination of neuronal migration, predisposing to both SOD/HPE as well as SCH in a subset of SCH patients. Furthermore, Barkovich et al. 2002 reported abnormal cortical formation in 12 of 96 HPE patients, indicating that in a subset of HPE patients the forebrain malformation is associated with disturbed neuronal migration.
The clinical term HPE, like SCH, refers to a clinically and genetically heterogeneous entity. A causal mutation in one of the three major genes SHH (Sonic hedgehog homolog), ZIC2 (Zic family member 2/odd-paired homolog), and SIX3 (Sine oculis homeobox homolog 3) can be identified in up to 25% of probands with non-syndromic HPE and normal chromosomes (Dubourg et al. 2007 ). Most of these mutations as well as rare mutations in additional HPE-associated genes have been related to alteration of the SHH signaling pathway. The functional consequences of the identified mutations are remarkable in several ways: (1) Under the assumption of an autosomal dominant inheritance the penetrance is reduced (about 80%). (2) An extremely wide phenotypic variation is observed even between heterozygous mutation carriers of one family ranging from single median maxillary central incisor (SMMCI) to the most severe type of HPE incompatible with postnatal life (Roessler et al. 1996; Hehr et al. 2004; Solomon et al. 2009 ). (3) Furthermore, the identification of more than one mutation in anecdotal patients as well as evidence for teratogenic factors suggest a significant modifying effect of both genetic as well as environmental factors. Consequently, a ''multi-hit'' hypothesis was proposed for the pathogenesis of HPE (Ming and Muenke 2002) .
Considering the key function of SHH and its interaction partners for the patterning and development of ventral forebrain structures, the characterization of additional human phenotypes resulting from impaired SHH signaling is crucial and could be an important tool to further dissect the function of HPE-associated genes during brain development. In addition to classical HPE the currently known phenotypic HPE spectrum includes a variety of distinct heterogeneous entities like isolated SMMCI (Nanni et al. 2001) , non-syndromic colobomatous microphthalmia (Schimmenti et al. 2003) or neural tube defects (Brown et al. 2002) .
Given this broad phenotypic spectrum of HPE and the considerable phenotypic overlap between SCH and HPE, we hypothesized that in some patients SCH may develop as one aspect of a more complex malformation of the ventral forebrain and result from mutations in genes commonly associated with HPE.
Patients and methods
Blood or DNA samples from 52 individuals with unilateral or bilateral SCH were analyzed with informed consent for potential sequence variations in the coding regions and flanking splice sites of the EMX2 gene (reference sequence NM_004098). Available DNA samples from a subgroup of 49 schizencephaly patients of the initial patient cohort were then tested for potential sequence variations in the coding regions and flanking splice sites of the genes SHH (reference sequence NM_000193.2), SIX3 (reference sequence NM_005413.2), and ZIC2 (reference sequence NM_007129.2) by direct sequencing (EMX2: 52 patients; SHH: 2 patients; SIX3: 30 patients; ABI Prism BigDye Terminator Cycle Sequencing Kit version 1.1, ABI 3100 Avant sequencer; Applied Biosystems, Foster City, CA, USA) and/or high-resolution DNA melting (SHH: 47 patients, SIX3: 19 patients, ZIC2: 49 patients; HRM Master Mix and LightCycler 480; Roche Applied Science). Reaction protocols have previously been described (Hehr et al. 2004; Roessler et al. 2009a, b) ; further details are available on request. In addition, multiplex ligationdependent probe amplification (SALSA MLPA KIT P187 Holoprosencephaly Version 03; MRC Holland, Amsterdam, the Netherlands) was performed for a subset of 27 patients of the initial patient cohort with available fresh or frozen blood samples according to the manufacturer's recommendations.
Results and discussion
Mutation analysis of the coding sequence of the EMX2 gene in 52 patients with unilateral or bilateral SCH did not reveal any potentially disease-related sequence variants. In combination with the previous data of two additional patient cohorts (Tietjen et al. 2007; Merello et al. 2008 ), these findings raise doubts about the functional significance of EMX2 mutations as a common cause for schizencephaly.
In order to test a potential involvement of HPE-associated genes in the pathogenesis of SCH, we then prospectively analyzed a subset of 27 SCH patients by MLPA without abnormal results. Sequence analysis of 49 SCH patients for mutations in the HPE-associated genes SHH, SIX3, and ZIC2 revealed sequence variants within the SIX3 and SHH gene in five independent SCH patients; four of them were considered as pathogenic (Table 1) . For the fetus of family 1, a detailed ultrasound examination at 27 weeks of gestation revealed the presence of a complex cerebral malformation, including microbrachycephaly, alobar holoprosencephaly with monoventricle, and a large unilateral SCH cleft of the left posterior cerebral hemisphere (Fig. 1a) . The pregnancy was terminated. Mild associated craniofacial features, reported at autopsy, included hypotelorism and a hypoplastic nasal bone. A heterozygous SIX3 nonsense mutation (Fig. 1b: c.385G[T; p.Glu129X) was identified in the fetal DNA sample, but not in DNA samples of both parents, confirming its de novo occurrence (Fig. 1c) . This mutation has been previously reported in patients with a wide variety of HPE spectrum findings and subsequently demonstrated to result in loss of function in two different zebrafish biosensor assays (Domené et al. 2008; Lacbawan et al. 2009 ).
The heterozygous SIX3 missense mutation p.Gly37Cys (Fig. 1f: c.109G[T) was identified in the N-terminal polyglycine stretch in a 3-year-old girl (patient 2) with unilateral schizencephaly of the left hemisphere. Cerebral MR imaging revealed characteristic thinning and kinking of the corpus callosum at the site of the cleft, thought to represent reduced transcallosal connections. But no obvious additional cerebral abnormalities were observed; in particular, there was no indication for HPE-associated malformations of the midline forebrain structures (Fig. 1d, e) . Her mother first noted less frequent use of her right arm around the age of 3 months. Under continuous physiotherapy her developmental milestones were all reached in time (unaided sitting at 6 months, crawling at 9 months, and free walking at 14 months). At the age of 3 years, development of a pes equinovarus on the right side was noted. Currently, at the age of 8 years, she attends the second grade at an elementary school, and her grades are overall excellent. Neurological examination revealed a slight spastic paresis of the right leg, but was otherwise normal. Repeated electroencephalogram was normal. The missense mutation p.Gly37Cys was also identified in her father, paternal grandfather, and aunt. Clinical examination of the father did not reveal any abnormalities or craniofacial minor signs of the holoprosencephaly spectrum. Gly37Cys is currently the most N-terminal located known SIX3 missense mutation; in zebrafish biosensor assays a moderate functional effect was demonstrated (Domené et al. 2008) . Together with the observation of other hypomorphic SIX3 alleles in independent HPE patients as well as the description of p.Gly37Cys in HPE patients of three further unrelated families and additional of their less-severely affected relatives, a functional and clinical relevance of this SIX3 missense mutation can also be assumed for patient 2 (Domené et al. 2008; Lacbawan et al. 2009 ). A novel missense variant c.499G[T (p.Ala167Ser) within the highly conserved SIX domain of the SIX3 cDNA was identified in the first child of non-consanguineous German parents (patient 3; Fig. 2a) . A preexisting maternal diabetes mellitus was well controlled during pregnancy by an insulin pump with HbA1c between 6.5 and 7%, but still needs to be considered as exogenous cofactor for fetal brain malformations. Routine ultrasound examination in week 32 of gestation indicated a cerebral malformation. The girl was born by cesarian section at 35 ? 6 weeks of gestation and presented with presumable diabetic (Domené et al. 2008) .
A SIX3 sequence variant of uncertain functional significance was identified in a 5 5/12-year-old male patient of non-consanguineous Syrian parents with global developmental delay (patient 4). He was found to be heterozygous for two novel adjacent synonymous base substitutions in codons 206 and 207 (c.618C[A ? c.621G[A; p.Gly206-Gly ? p.Glu207Glu) affecting the first two codons of the homeodomain of the SIX3 gene product, respectively. Both heterozygous substitutions were also found in the phenotypically normal father. At the age of 3 months cerebral MR imaging confirmed for patient 4 a complex brain malformation with microcephaly, left-sided open-lip SCH, enlarged ventricles, and polymicrogyric cortical malformation not only lining the cleft but also extending over both hemispheres. At the age of 5 3/12 years, a first seizure was reported without certain epilepsy characteristic activity in the subsequent electroencephalogram (EEG). Actual neuropediatric evaluation confirmed a global developmental delay, pronounced spastic tetraparesis, and muscular hypotonia. Body weight (13.1 kg), height (98 cm) as well as head circumference (43 cm) at the age of 5 5/12 years were all below the third percentile. In silico splice site prediction analysis (http://www.fruitfly.org/seq_tools/splice.html; http://www.es.embnet.org/*mwang/assp.html) did not reveal any obvious splicing effects for p.Gly206Gly ? p.Glu207Glu. However, further web-based exonic splicing enhancer prediction analysis (http://rulai.cshl.edu/cgi-bin/ tools/ESE3/esefinder.cgi?process=home) suggested for the mutant allele with both substitutions the creation of the consensus sequence motif for an additional SF2/ASF (score 2.71378; threshold 1.956) as well as SRp40 (score 2.98263; threshold 2.67) splice enhancer. Both consensus sequences are recognized by the human proteins SF2/ASF or SRp40, respectively, and are important for the recognition and utilization of regular as well as alternative splice sites (Wang et al. 2005) .
The novel sequence variants, identified in patients 3 and 4, have not been observed in 200 control chromosomes. However, due to the lack of ethnically matched controls, in particular the presence of p.Gly206Gly ? p.Glu207Glu as polymorphic allele in the Syrian population cannot be excluded.
SIX3 has originally been characterized as one of the earliest genes expressed during development of the anterior forebrain and acts directly upstream of SHH (Geng et al. 2008) . Furthermore, a functional association of SIX3 with members of the groucho co-repressor sub-family was identified as an important regulator of growth and regional patterning of the vertebrate forebrain. In addition, the interaction of SIX3 and Geminin was shown to modulate the cellular decisions between proliferation and differentiation of neuroepithelial cells (Del Bene et al. 2004) . Recent functional analysis in two biosensor zebrafish assays suggested loss of function, presumably through alteration of its BMP repressor function, for almost 90% of the tested 46 SIX3 mutations previously identified in HPE patients, including both SIX3 mutations p.Gly37Cys and p.Glu129X reported in this manuscript (Domené et al. 2008) .
In addition, we recently identified a heterozygous SHH missense change p.Gly290Asp (Fig. 2b ) in patient 5 with hypoplasia of the corpus callosum, optic atrophy, and bilateral closed-lip SCH as well as in his phenotypically normal mother. Detailed MR findings and clinical data of this patient have been reported by Schell-Apacik et al. (2009) . This SHH missense mutation has also been reported before in three apparently independent patients with HPE (Roessler et al. 2009a) .
Schizencephaly, like holoprosencephaly is a clinically and etiologically heterogeneous brain malformation. In contrast to porencephaly, the cleft is usually lined by a malformed cortex, suggesting an associated temporally and regionally restricted true migration defect. Furthermore, the majority of SCH patients are sporadic. More than 15% of SCH patients present with distinct additional extracranial abnormalities, e.g. gastroschisis, known to be associated with vascular disruption, suggesting an underlying local vascular event as the major cause of sporadic SCH (Curry et al. 2005) . In some patients SCH has also been associated with intrauterine infection, e.g. cytomegalovirus infections (Iannetti et al. 1998 ). However, several aspects suggest an underlying genetic etiology for a relevant subset of SCH cases: (1) Symmetric clefts of both hemispheres (e.g. patient 5 of this report) are observed in about one-third of patients. (2) About one-third of patients with unilateral SCH present with polymicrogyria in a symmetric position in the contralateral hemisphere. (3) Most importantly, recurrent SCH in sibs of a SCH patient has occasionally been observed (Hilburger et al. 1993) , including one pair of affected brothers in this SCH patient cohort.
Our negative results of an EMX2 mutation screen in conjunction with two other groups (Tietjen et al. 2007; Merello et al. 2008 ) now increase the total number to 175 SCH patients of mixed ethnic origin without any evidence of EMX2 sequence variants.
Furthermore, we report here four heterozygous mutations and one potentially relevant sequence variant in the HPE-associated genes SIX3 and SHH in four patients and one fetus with SCH with or without associated anomalies of the cerebral midline.
Insights from the Sonic Hedgehog pathway are important for several reasons: (1) The reduced penetrance and extremely broad phenotypic variability resulting from mutations in associated genes suggest an efficient, highly redundant and complex backup system, maintaining or ''hedging'' an appropriate early craniofacial and brain development even under suboptimal conditions. On a genetic level this may in part be realized through rescue of mutant gene products by other members of the same or interrelated signaling pathways, and is even more obvious in mouse models, where for six3 as well as shh and several other of its interaction partners a characteristic and strain dependant brain phenotype only results from homozygous mutations, while heterozygous animals are normal (Schachter and Krauss 2008) . (2) From an evolutionary point of view it is tempting to speculate that the higher diversity and function of higher mammalian brains may at least in part have been realized through loss of some of this redundancy. (3) But at the same time this may occur at the expense of a higher susceptibility to alterations by both genetic as well as exogenous factors. Consequently and in line with the ''multi-hit'' hypothesis (Ming and Muenke 2002) , phenotypic consequences of heterozygous hypomorphic or even null alleles of SHH or other members of the SHH pathway may only emerge in the presence of additional cofactors and affect very different aspects of early craniofacial and brain development. This hypothesis would also offer a possible explanation, why mutations in this signaling cascade clinically manifest in many, but not all, human mutation carriers with so different phenotypes like holoprosencephaly, singular median maxillary incisor or the here presented example of schizencephaly, which in some patients may develop as one aspect of the broad holoprosencephaly spectrum.
